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Description 



VEHICLE REGENERATIVE BRAKING 
SYSTEM WITH SYSTEM MONITOR AND 
REDUNDANT CONTROL CAPABILITY 

Background of Invention 

[0001] jhis application is a continuation-in-part of U.S. Applica- 
tion No. 10/063,143 filed 3/25/2002, now abandoned. 
[0002] Field of the Invention 

[0003] jhe present invention generally relates to a method and 
an apparatus for determining whether a vehicle has been 
regeneratively braked and for frictionally braking the ve- 
hicle in the event that the vehicle has not been regenera- 
tively braked and to a vehicle which incorporates the 
method and apparatus and more particularly, to a method 
and apparatus which measures and/or senses the speed 
and deceleration of a vehicle after a regenerative braking 
assembly has been activated, effective to determine 
whether the vehicle has been regeneratively braked and, 



based upon the measured or sensed speed, activates a 
frictional brake assembly, effective to brake the vehicle. 
[0004] Background of the Invention. 

[0005] a vehicle may be braked or selectively decelerated or 

slowed by the use of several techniques or strategies. For 
example, a hybrid type vehicle may be regeneratively 
braked by selectively coupling the torque emanating from 
the transmission or powertrain assembly to an energy 
storage device (e.g., a storage battery or hydraulic accu- 
mulator), thereby conserving energy while slowing or de- 
celerating the vehicle. While such regeneration does de- 
sirably slow a vehicle's velocity or speed, it does not typi- 
cally provide sufficient deceleration to actually stop the 
vehicle. Hence, these regenerative braking strategies must 
normally be used in combination with traditional braking 
strategies which require the use of a frictional brake as- 
sembly on each of the wheels. Particularly, a frictional 
brake assembly selectively engages the wheel on which it 
is operatively disposed and, in this manner, these fric- 
tional brake assemblies selectively and cooperatively de- 
celerate and stop a vehicle. 

[0006] There exist a number of unique strategies which utilize 
such frictional braking assemblies and which seek to dy- 



namically distribute the amount of braking between brak- 
ing assemblies located at the rear of the vehicle (i.e., be- 
hind the driver) and the front of the vehicle in order to 
maintain overall vehicular stability. Typically, the vehicle is 
initially regeneratively braked in order to maximize the 
amount of energy which may be regeneratively stored and 
concomitantly decrease the use of the frictional brakes 
which wear over time and must be replaced or serviced. 

[0007] it j S desirable to confirm whether regenerative decelera- 
tion of the vehicle has occurred and/or to confirm that the 
regenerative braking system is operable in order to avoid 
a relatively sudden application of the frictional brakes 
which is necessary in order to achieve the desired vehicu- 
lar braking. Particularly, such a sudden application of the 
frictional brakes both reduces the operating life of these 
brakes, provides discomfort and annoyance to the pas- 
sengers of the vehicle, and oftentimes prevents a desired 
brake distribution to occur. The present method and ap- 
paratus provides this confirmation benefit and provides a 
strategy which eliminates or reduces the need to suddenly 
and fictionally brake a vehicle due to an inability of the re- 
generative braking system to supply the desired braking. 

[0008] The current state of the art is generally shown by U.S. 



Patents 5,378,053, and 5,839,800. The '053 patent dis- 
closes a regenerative braking system which alerts the ve- 
hicle's driver that a system fault has occurred. The '800 
patent uses an accelerometer to detect operation of a re- 
generative braking system. However, neither the '053 
patent nor the '800 patent teaches that operation of a re- 
generative braking system should be monitored or shad- 
owed by a redundant system, so as to improve the relia- 
bility of the overall regenerative braking system. 
Summary of Invention 

[0009] a system and method according to the present invention 
overcomes some or all of the previously delineated draw- 
backs of prior braking systems and strategies. According 
to one aspect of the present invention, a system for pro- 
viding regenerative and friction braking in a vehicle in- 
cludes a brake controller for determining a desired rate of 
deceleration from sensor outputs which are responsive to 
inputs from an operator of the vehicle, and a regenerative 
braking system operatively connected with said brake 
controller and with one or more roadwheels of the vehicle, 
with the regenerative braking system being commanded 
by said brake controller to produce a braking torque cor- 
responding to the desired rate of deceleration. A primary 



speed sensing system, operatively connected with said 
brake controller, determines the speed and deceleration 
of the vehicle, and a primary comparator, operatively con- 
nected with the brake controller, compares the desired 
rate of deceleration with the rate of deceleration deter- 
mined by the primary speed sensing system. 

[0010] a brake monitor receives the sensor outputs from the op- 
erator of the vehicle, and determines an audit rate of de- 
celeration of the vehicle. A redundant deceleration sensor, 
operatively connected with the brake monitor, determines 
the vehicle's deceleration. 

[001 1] a secondary comparator, operatively connected with said 

brake monitor, compares the audit rate of deceleration 
with the output from the redundant deceleration sensor, 
and a friction braking system, operatively connected with 
both said brake controller and with said brake monitor, 
provides additional braking in the event that the compari- 
son results from either the primary comparator or the 
secondary comparator indicate that said regenerative 
braking system is not producing the desired rate of decel- 
eration. 

[0012] The brake monitor preferably determines an audit rate of 
deceleration of the vehicle including lower and upper de- 



celeration targets, with the secondary comparator com- 
paring the output from the redundant deceleration sensor 
with both of these deceleration targets. 

[0013] According to another aspect of the present invention, the 

primary speed sensing system may include at least one 
wheel speed sensor, and the redundant deceleration sen- 
sor may include a g-force sensor. Alternatively, the pri- 
mary speed sensing system may include a g-force sensor, 
and the redundant deceleration sensor may include at 
least one wheel speed sensor. 

[0014] According to another aspect of the present invention, an 

indicator is provided for the purpose of advising an oper- 
ator of the vehicle that a potential anomaly is present 
within the regenerative braking system. 

[0015] According to yet another aspect of the present invention, 
a method for operating a vehicle regenerative braking 
system with a system monitor and redundant control ca- 
pability, includes the steps of determining a desired rate 
of deceleration from sensor outputs which are responsive 
to inputs from an operator of the vehicle, and command- 
ing a regenerative braking system to produce a braking 
torque corresponding to the desired rate of deceleration, 
followed by the step of measuring the speed and deceler- 



ation of said vehicle by means of a primary speed sensor, 
and comparing the desired rate of deceleration with the 
measured rate of deceleration, by means of a primary 
comparator. 

[0016] Additional steps according to the present inventive 

method include determining an audit range of acceptable 
deceleration of the vehicle from the sensor outputs which 
are responsive to inputs from the driver of the vehicle, 
and measuring the vehicle's deceleration by means of a 
redundant deceleration sensor. The audit range rate of 
deceleration is compared with the output from the redun- 
dant deceleration sensor by means of a redundant com- 
parator, and in the event that the comparison results from 
either the primary comparator or the redundant compara- 
tor indicate that the regenerative braking system is not 
producing the commanded rate of deceleration, friction 
braking will be applied, and the vehicle's operator will be 
advised that an anomaly exists in the regenerative braking 
system. 

[0017] other features and advantages of the present invention 
will become apparent from a reading of the following de- 
tailed description of the preferred embodiment of the in- 
vention and by reference to the following drawings. 



Brief Description of Drawings 



[0018] Figure 1 is a block diagram of a vehicle incorporating the 

method and system of the present invention. 

[0019] Figure 2 is an expanded block diagram of a portion of the 
vehicle of FIG. 1. 

[0020] Figure 3 is a flowchart of a method according to one as- 
pect of the present invention. 
Detailed Description 

[0021] Referring now to Figure 1, there is shown a vehicle 10 
which includes a regenerative braking confirmation as- 
sembly 12 which is made in accordance with the teachings 
of the preferred embodiment of the invention. 

[0022] Particularly, vehicle 10 includes a torque generator 14, 
such as but not limited to an internal combustion engine 
or fuel cell assembly, and a transmission assembly 16 
which is physically coupled to the torque generator 14 by 
a powertrain member 18. Vehicle 10 further includes a re- 
generative brake assembly 20 which comprises a motor 
22, a clutch 24, and a battery 26. Particularly, the clutch 
24 is physically coupled to the transmission 16 by the 
output shaft 76, and to the motor 22. The motor 22 is 
electrically coupled to the battery 26 and the battery 26 



may comprise a conventional vehicular battery. 

[0023] Further, the vehicle 10 includes a differential assembly 30 
which is physically coupled to the clutch 24 by a power- 
train member 32. Moreover, vehicle 10 includes a pair of 
rear axles or halfshafts 36, 38 which are each coupled to 
the differential assembly 30 and to a respective rear wheel 
40, 42. The vehicle 10 also includes a front axle 46 which 
is coupled to a pair of front wheels 48, 50, and frame 
members 54, 56 which are coupled to the front axle 46. 
Frame member 54 is further coupled to the rear axle 38 
while the frame member 56 is coupled to the rear axle 36. 

[0024] Vehicle 10 further includes frictional brake assemblies 60, 
62, 64, and 66 which respectively reside upon or in close 
proximity to wheels 40, 42, 48, and 50 and which selec- 
tively and frictionally brake these respective wheels 40, 
42, 48, and 50, effective to slow or stop the vehicle 10 
(e.g., to brake the vehicle 10), and a controller 70 which is 
operable under stored program control and which is 
physically and communicatively coupled to the clutch 24 
and to the frictional brake assemblies 60-66. Vehicle 10 
also includes a selectively depressible brake request 
member or brake pedal 73 which is coupled to the con- 
troller 70. That is, controller 70, in one embodiment, 



forms part of the regenerative braking confirmation as- 
sembly 12 and also provides other vehicular functions 
which are set forth below. In other non-limiting embodi- 
ment, a separate controller may be used to provide the 
regenerative braking confirmation function of the pre- 
ferred embodiment of the invention. 
[0025] it should be realized that only the relevant portions of ve- 
hicle 10 are shown within Figure 1 and described above 
and that while the vehicle 10 discloses a rear wheel drive 
vehicle, the present invention is applicable to a wide vari- 
ety of vehicular architectures, including but not limited to 
a front wheel drive vehicle, an all wheel drive vehicle, and/ 
or an on demand drive vehicle and that nothing in this de- 
scription is meant to limit the applicability of the present 
invention only to the type of vehicle which is shown in 
Figure 1. 

[0026] | n conventional operation, torque is produced by the 

torque generator 14 and is communicated to the trans- 
mission 16 by the drivetrain member 18. The transmis- 
sion 16 then outputs at least a portion of the received 
torque by the use of the output shaft or member 76 which 
is coupled to the clutch 24 and to the transmission 16. 
Typically, the controller 70 controllably causes the clutch 



24 to communicate the torque which is output from the 
transmission 16 (i.e., from the shaft 76) to the differential 
30, by the use of powertrain member 32. The differential 
30 then communicates the torque to the axles 36, 38, ef- 
fective to allow the wheels 40, 42 to rotate and to allow 
the vehicle 10 to be driven. 
[0027] when the controller 70 senses a depression of the mem- 
ber 73, the controller 70 controllably causes the clutch 24 
to communicate the torque emanating from the output 
member 76 to the motor 22. The received torque causes 
the motor 22 to function as a generator and to communi- 
cate the generated electrical energy into the battery 26, 
thereby conserving energy (e.g., transforming the received 
kinetic energy into electrical energy) while braking or de- 
celerating the vehicle 10 (e.g., regeneratively braking the 
vehicle 10). When the maximum allowable amount of re- 
generative braking has been achieved and additional 
amounts of braking have been requested, the controller 
70 activates the frictional braking assemblies 60-66. It 
should be realized that a wide variety of frictional braking 
assemblies 60-66 may be employed such as those which 
are hydraulically or pneumatically activated and those 
which are of the anti-lock type. Moreover, it should be 



appreciated that a wide variety of regenerative braking as- 
semblies may be used to replace the assembly 20, includ- 
ing but not limited to those including a flywheel which re- 
ceives torque from the clutch 24, and that nothing in this 
description is meant to limit the present invention to use 
with a certain type of regenerative braking assembly or 
frictional braking assembly. 

[0028] Regenerative braking confirmation assembly 12 includes 
or makes use of the controller 70. In other non-limiting 
embodiments, one or more controllers may be used to 
perform the functionality and methodology of the pre- 
ferred embodiment of the invention. Nothing in this appli- 
cation is meant to limit the use of the present invention to 
a certain type of controller architecture. Assembly 12 fur- 
ther includes at least one speed sensor 80 which is cou- 
pled to the controller 70 and which is adapted to sense 
the speed of the wheel 40 and to communicate the sensed 
speed to the controller 70. While a single sensor 80 is 
shown in Figure 1, it should be appreciated that additional 
numbers of sensors may be employed in other non- 
limiting embodiments of the invention on any or all of the 
other wheels 42, 48 and 50. 

[0029] Hence, according to the teachings of the preferred em- 



bodiment of the invention, when controller 70 causes the 
clutch 24 to regeneratively brake the vehicle 10, the con- 
troller 70 communicates with the at least one speed sen- 
sor 80 in order to ascertain whether the vehicle 10 is de- 
celerating (i.e., whether the vehicle 10 is being regenera- 
tively braked). If, after some predetermined period of 
time, vehicular deceleration is not sensed (or, in one non- 
limiting embodiment of the invention, if a certain prede- 
termined amount of vehicular deceleration is not sensed), 
the controller 70 automatically (i.e., without intervention 
by the user or operator of the vehicle) causes the frictional 
braking assemblies 60-66 to decelerate the vehicle 10, 
and may provide status or other types of information to 
the user/driver indicating that the desired regenerative 
braking has not occurred or is not occurring. In one non- 
limiting embodiment of the invention, the vehicle deceler- 
ation may be calculated by conventional slip control equa- 
tions which utilize the wheel speed which is provided by 
the at least one sensor 80. Such a calculation may occur 
within controller 70. If additional wheel sensors are uti- 
lized, these equations are sequentially and separately ap- 
plied to the respective wheel speed data emanating from 
these other sensors and the controller 70 only activates 



the frictional braking assemblies 60-66 if all of the data 
(for each wheel 40, 42, 48, 50) shows a lack of decelera- 
tion. The use of such slip control equations is explained 
within the paper entitled Comparison of Control Methods 
for Electric Vehicle Antilock Braking/Traction Control Sys- 
tems, which is authored by P. Khatun, CM. Bimgham, and 
P.H. Mellor, which is published by the Society of Automo- 
tive Engines (2001-01-0596) and which is fully and com- 
pletely incorporated herein by reference, word for word 
and paragraph for paragraph. In another non-limiting 
embodiment, discrete positions of the member 73 are 
calibrated to ascertain the amount of deceleration which is 
respectively requested by each position. This calibration 
data (along with the data associated with the current posi- 
tion of the member 73 from brake pedal sensors 304 and 
306, as well as accelerator pedal sensor 310) is stored 
within the controller 70 and is used, by the controller 70, 
in combination with the data emanating from the at least 
one speed sensor 80 to not only ascertain whether the ve- 
hicle 10 is being decelerated, but to determine whether 
the requested amount of deceleration has been achieved. 
In an alternate embodiment of the invention, the frictional 
braking is not applied until it is determined that the full 



amount of the requested regenerative braking has not 
been applied to vehicle 10. 

[0030] | n an alternate embodiment, torque generator 14 may 
comprise a reservoir of fluid in combination with a hy- 
draulic pump which is communicatively coupled to the 
reservoir and controllably coupled to the controller 70. In 
this alternate embodiment, powertrain member 18 may be 
replaced by at least one hydraulic conduit and transmis- 
sion 16 may be replaced by an assembly which rotates in 
response to the receipt of fluid. In operation, upon receipt 
of certain signals from the controller 70, the pump in co- 
operation with the reservoir will selectively couple the 
fluid to the transmission which causes the transmission to 
hydraulically provide positive or negative torque to accel- 
erate or decelerate the vehicle 10. 

[0031] FIG. 2 illustrates an embodiment of the present invention 

in which controller 70 is partitioned into a brake controller 
300 and brake monitor 302. Controller 70 receives inputs 
from wheel speed sensors 80, as well as from brake pedal 
position sensor 304 and brake pressure sensor 306. Con- 
troller 70 also receives input from g force sensor 308. 
Wheel speed sensors 80, in the usual fashion, provide sig- 
nals related to the rotational speed of each road wheel. 



These speed signals are differentiated as a function of 
time to achieve a measurement of the wheels' acceleration 
and deceleration. Sensor 308, which may comprise either 
a pendulum type or other type of g force sensor known to 
those skilled in the art and suggested by this disclosure, 
provides an independent or redundant reading of the de- 
celeration of the vehicle. Brake pedal sensors 304 and 306 
comprise redundant sensors for determining when the ve- 
hicle's driver desires that braking commence. Further, ac- 
celerator pedal sensor 310, which includes redundant 
sensing capability, provides yet another independent indi- 
cation of the vehicle driver's intent to either apply the 
brake, or to allow the engine compression or rather, sim- 
ulated engine compression provided by regenerative 
braking, to slow the vehicle. 
[0032] Although brake controller 300 and brake monitor 302 are 
shown as being housed within a single controller 70, 
those skilled in the art will appreciate in view of this dis- 
closure that the partitioning shown within controller 70 
could be accomplished in a variety of ways, commonly 
employed to ensure redundancy of control system archi- 
tecture. For example, separate processors could be used, 
with brake controller 300 and brake monitor 302 sharing 



only common inputs and to some extent, outputs. Such 
details are left to the routineer as being beyond the scope 
of this invention. 

[0033] FIG. 3 illustrates the functioning of a system according to 
the present invention. Beginning at block 200, brake con- 
troller 300 determines whether braking is being re- 
quested, by means of brake pedal sensors 304 and 306 
and accelerator pedal position sensor 310. If braking is 
desired, brake controller 300 applies regenerative braking 
at block 206 according to the desired braking level. 
Thereafter, at block 208, vehicle deceleration is measured 
by differentiating the output from wheel sensors 80 . 
Then, at block 210 the calculated deceleration is com- 
pared with the desired rate of deceleration from block 204 
by means of a primary comparator. If the measured decel- 
eration is greater than the desired rate of deceleration, 
brake controller 300 continues the routine at block 214. 
If, however, the measured deceleration is less than de- 
sired rate of deceleration, brake controller 300 applies 
friction brakes at block 212 and continues. 

[0034] The sequence beginning at block 220 and continuing to 

block 242 of FIG. 3 is a brake monitor routine operated by 
brake monitor 302. This brake monitor routine runs in the 



background whenever regenerative braking is occurring. 
At block 224, the vehicle's speed is measured by brake 
monitor 302 using information from wheel speed sensors 
80. At block 226, an upper deceleration target is set as a 
function of vehicle speed and brake demand, with the 
brake demand or desired braking value being transferred 
from block 204 to block 226. Then, at block 228, a lower 
deceleration target is set as function of vehicle speed and 
brake demand. Thus, brake monitor 302 is intended to 
function as a watchdog which will respond when the vehi- 
cle's deceleration is either too great or too little. The 
brake monitor routine continues at block 230 with mea- 
surement by brake monitor 302 of the vehicle's decelera- 
tion using a redundant system, in this case g force sensor 
308. Then, a secondary comparator compares the mea- 
sured deceleration with the lower decel target at block 
232, and if the deceleration is less than the lower decel 
target, the routine moves to block 234, where an indicator 
is set to advise the driver of the vehicle that an opera- 
tional anomaly exists within the regenerative braking sys- 
tem. In other words, the driver is advised of a potential 
system malfunction. Then, at block 240, friction braking 
is applied and the routine continues at block 242. If the 



answer to the question imposed at block 232 is "no", the 
routine moves to block 236 wherein the rate of decelera- 
tion is compared by the secondary comparator within 
controller brake monitor 302 with the upper deceleration 
target. If the answer at block 236 is "yes", the deceleration 
is greater than commanded, and the routine sets an indi- 
cator at block 238 to warn the vehicle's operator of a po- 
tential anomaly in the regenerative braking system. 

[0035] Taken together, the lower deceleration target and the up- 
per deceleration target comprise an audit range of accept- 
able deceleration. If the deceleration rate is greater than 
the upper decel target, an indicator is set at block 238. If 
however, the deceleration rate is less than the upper decel 
target at block 236, the routine continues at block 242. 
Thus, it is seen that additional braking is provided by the 
friction braking system in the event that the comparison 
results at either block 210 or blocks 232 or 236 indicate 
that regenerative braking system is not producing com- 
manded rate of deceleration. 

[0036] it is to be understood that the invention is not limited to 
the exact construction and method which has been de- 
scribed above, but that various changes and modifications 
may be made without departing from the spirit and the 



scope of the inventions as are set forth in the following 
claims. 



